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BASE PRESSURE COEFFICIENTS OBTAINED
FROM THE X-15 AIRPLANE FOR MACH NUMBERS UP TO 6

By Edwin J. Saltzman
Flight Research Center

SUMMARY

Power-off and power-on base pressures measured on the X-15 airplane are
compared with wind-tunnel data, semiempirical estimates, and theory. The results
indicate that the supersonic base pressure characteristics of the upper vertical
fin are relatively insensitive to span position and are closely predicted by
two-dimensional theory for thin boundary layers. Flight power-off base pressure
coefficients for the fuselage, side fairing, and vertical fin are higher (higher
negative values) than obtained on X-15 wind-tunnel models throughout a comparable
speed range. At a Mach number of 3, the flight values are about 15 percent
higher.

For most supersonic speeds, the effect of the exhaust jet on the base pres-
sure is about the same along the vertical fin as at the fuselage flameshield;
that is, the effect is about the same 5 jet radii from the edge of the jet as it
is 1/5 radius from the jet.

INTRODUCTION

On many future aircraft and reentry configurations, smooth aerodynamic
lines will be compromised in favor of stability and/or propulsion requirements.
Such requirements can result in blunt trailing edges on stabilizing surfaces, or
in a blunt center-body base remaining after engine shutdown or separation from a
booster. Such abrupt changes in cross-sectional area add significantly to the
drag of a vehicle, especially at the lower supersonic speeds. For this reason,
the study of base pressure has received increasing emphasis during the past
several years. Theoretical studies have been made and many scaled wind-tunnel-
model base pressure experiments simulating unpowered flight have been conducted,
such as the studies of references 1 to 4. More recently, the effects of jet-
exhaust flow on model base pressures have been treated (refs. 5 to 9).

This paper presents full-scale results obtained from the various base
elements of the X-15 research airplane. The X-15 has a relatively large base
area, about one-sixth of the wing area, and is capable of a wide range of flight
speeds. Thus, wind-tunnel, semiempirical, and theoretical results can be com-
pared with full-scale flight results.



Preliminary base pressure coefficients from the first two X-15 flights in
which base pressure data were recorded were reported in reference 10. These
data, which ranged in Mach number from 1.1 to 3.2, were obtained while the X-15
was powered by the interim rocket engines which had a total thrust of about
16,000 pounds at burnout altitude. The airplane now has a larger power plant
which develops about 58,000 pounds of thrust at burnout altitude. This thrust
increase extends the Mach number range to 6 and, of course, has a significant
effect on the base pressures during engine operation.

The base pressure data presented in this paper were obtained after the large
power plant was installed. DPower-off data are included for each major base ele-
ment of the airplane and are compared to available wind-tunnel data and to
results from some of the techniques of predicting base pressure. The base drag
resulting from these base pressures was reported in reference 11. The effects
of the rocket-engine exhaust on base pressure are also shown. Trailing-shock
pressure ratios, calculated for a simplified model of the flow behind the X-15
during powered flight, are discussed in the appendix.

SYMBOLS
Cp,b base pressure coefficient, EEE;_E
C chord, in. or ft
dg maximum diameter of fuselage or body, in.
dj diameter of the jet at base station, in.
h trailing-edge thickness, in.
l distance forward of jet exit station, in.
M free-stream Mach number
Me Mach number along boattail (external flow)
M’ Mach number after expansion to base static pressure
M Mach number of exhaust jet at exit station
Mj' Mach number after expansion to base static pressure
NRe free-stream Reynolds number per foot, oy
P free-stream static pressure, lb/sq ft
Py base static pressure, lb/sq ft
Pe static pressure on boattail surface ahead of base (external flow),

1b/sq £t



P static pressure at exhaust jet exit station, 1b/sq ft

Dy static pressure in wake, behind trailing shock, lb/sq ft
q free-stream dynamic pressure, O.?Mgp, 1b/sq ft

R gas constant, £t2/sec? °R

Ty radius of jet at exhaust plane, in.

v true airspeed, ft/sec

W air flow rate, 1b/sec

%j Jet flow rate, 1b/sec

X mixing-length ratio

Z distance from orifice to edge of jet at exhaust plane, in.
B boattail angle, deg

7 ratio of specific heat for air

7j ratio of specific heat for exhaust gas

A estimated error

A nozzle half-angle, deg

) absolute viscosity, 1b—sec/ft2

@ alr density, slugs/cu ft

ATRPLANE

The X-15 is a single-place, low-aspect-ratio monoplane designed for manned
flight research up to Mach numbers near 6. A three-view drawing and a photo-
graph of the airplane are shown in figures 1 and 2, respectively. Physical
characteristics of the airplane are presented in table I.

The X-15 is carried to an altitude of about H5,000 feet by a modified B-52
bomber and 1s launched at a Mach number of approximately 0.8. For the flights
reported herein, the X-15 was powered by the YIR99 rocket engine which develops
about 58,000 pounds of thrust at full throttle. For the full-throttle condition,
powered flight can be maintained for about 85 seconds, after which the airplane
glides for & to 10 minutes before landing on the dry lake at Edwards, Calif.

A photograph of the airplane viewed directly from the rear is shown in
figure 3, and a left rear view of the fuselage is shown in figure 4. It can be



seen that the base region formed by the closed speed brakes is open to the rear
and does not have a base surface behind the speed-brake hinge line. The outline
of the open speed brakes is shown by the dashed lines in figure 3. As indicated
in the Introduction, the early flights of the X-15 were made with an interim
power plant. The base configuration for those flights and for the data of
reference 10 is shown in figure 5.

Rocket-engine characteristics and pertinent base and fuselage afterbody
dimensions are presented in table II.

INSTRUMENTATION

The location of each orifice used to obtain base pressures is shown in
figure 6. These orifices were connected to aneroid-type pressure cells
mounted in a standard NASA 12-cell photorecording manometer. Maximum limits
for lag in the pressure-sensing system were evaluated by observing the elapsed
time for a pressure change to be recorded after the rocket engine was ignited
or shut down. The lag in the system was found to be negligible for most of the
data in this paper (less than 1/2 second) ; the maximum lag is estimated to be
less than 1 second.

Radar tracking information was used in conjunction with radiosonde balloon
data to obtain free-stream velocity, altitude, Mach number, and dynamic pressure.
(See ref. 12 for details of this procedure.)

Other flight parameters pertinent to this study were measured on standard
NASA flight data-recording instruments, and all records were synchronized by a
common timer.

ERROR AND RELIABILITY

The primary sources of error affecting the accuracy of power-off base
pressure coefficients obtained during this investigation are true airspeed V,
base pressure py,, and free-stream static pressure p. The resulting errors in
base pressure coefficient attributable to the maximum estimated deviations for
these sources of error are listed in the following table:

Limit, Faired,
ACp’b resulting from - Limit percent percent
M Acp,b Acp)b Acp)b
AV Opy, Ap Cp,b Cp,b
1.5 *0.01k *0.012 +0.012 +0.038 *11 +3
3.0 *0.005 +0.009 *0.002 +0.016 13 L
6.0 +0.001 +0.006 *0.001 +0.008 +28 8




Pj static pressure at exhaust jet exit station, 1b/sq ft

Dy static pressure in wake, behind trailing shock, 1b/sq ft
q free-stream dynamic pressure, O.7M2p, 1b/sq ft

R gas constant, £t°/sec? °R

T radius of Jjet at exhaust plane, in.

v true airspeed, ft/sec

W air flow rate, 1b/sec

&j jet flow rate, 1b/sec

X mixing-length ratio

Z distance from orifice to edge of jet at exhaust plane, in.
B boattail angle, deg

4 ratioc of specific heat for air

73 ratio of specific heat for exhaust gas

A estimated error

A nozzle half-angle, deg

V) absolute viscosity, lb-sec/ft2

P alr density, slugs/cu ft

ATRPLANE

The X-15 is a single-place, low-aspect-ratio monoplane designed for manned
flight research up to Mach numbers near 6. A three-view drawing and a photoc-
graph of the airplane are shown in figures 1 and 2, respectively. Physical
characteristics of the airplane are presented in table I.

The X-15 is carried to an altitude of about 45,000 feet by a modified B-52
bomber and is launched at a Mach number of approximately 0.8. For the flights
reported herein, the X-15 was powered by the YIR99 rocket engine which develops
about 58,000 pounds of thrust at full throttle. For the full-throttle condition,
powered flight can be maintained for about 85 seconds, after which the airplane
glides for 8 to 10 minutes before landing on the dry lake at Edwards, Calif.

A photograph of the airplane viewed directly from the rear is shown in
figure 3, and a left rear view of the fuselage is shown in figure 4. It can be



Because the sign and magnitude of these individual source errors can vary at
random, within the limits shown, they tend to cancel one another. Thus, the
resultant dispersion of the main body of data points about the true value is less
than the limit ACp,p indicated. For figures which are derived from fairings

through the raw values of Cp,b plotted against M (fig. 7), the net error is

estimated to be within the values shown in the last column.

Power-on data would usually have somewhat larger errors because of the
larger gradients in velocity and pressure as the airplane accelerates to higher
altitude.

A fuel vent line on the interim configuration that is not on the configura-
tion of this study can be seen by comparing figures 3 and 5. The line was added
to the interim configuration of reference 10 after the pressure orifices were
installed. It is believed, therefore, that the configuration of the present
study, without the vent line, provides the most reliable data for the ad jacent
side fairing and fuselage base elements because of probable interference effects
from the vent line. In addition, it should be noted that most of the power-of'f
data presented herein, except for figure 7(g), were obtained from 6 flights and
the power-on data from 11 flights. The results of reference 10 represent only
two flights; thus, the present study is considered to be more comprehensive.

TEST CONDITIONS

Base pressure data were obtained over a Mach number range from about 0.8
to 6.0. Unit Reynolds number (per foot of surface length) varied from about
7 x 102 to 2.6 x 106,  The X-15 has many protuberances, gaps, and notches
scattered over its surfaces, and in some areas of the fuselage and vertical fins
the skin is wavy. Hence, except for local areas of laminar flow, primarily on
the wings, horizontal tail, and lower fin, the flow is turbulent for the
maneuvers considered in this study. Certainly, turbulence occurred shead of
the base regions in every case considered for the present tests.

Sideslip was held to within #1° during the tests, and angle of attack
varied between -2° and 12°. The jettisonable portion of the lower fin was
attached for all of the flights included herein. Other conditions, such as
speed-brake position or engine operation, that are pertinent to the data are
noted in the figures.

POWER-OFF RESULTS

Basic Datsg

Variables usually believed to affect base pressure are Mach number, the
ratio of Jjet exhaust to free-stream static pressure, Reynolds number, and angle
of attack. Analysis of the data of this paper reveals a consistent relationship
between base pressure and the first two variables, but there is no apparent



variation of base pressure coefficient with respect to Reynolds number or angle
of attack for the range of the conditions considered. This lack of variation is
not unexpected because, as noted previously, the flow over the various surfaces
becomes turbulent before it reaches the base regions. Other investigators
(refs. 1 to 3) have shown, too, that Reynolds number effects on base pressure
are relatively small for turbulent flow; thus, most of the data in this paper
are plotted without regard to Reynolds number. Similarly, on the basis of the
present investigation and the results of references 1, 2, and 10, the data are
plotted without regard to angle of attack.

The basic data for each of the eight major base elements are shown in
figures T7(a) to 7(h) in which the base pressure coefficient is plotted against
free-stream Mach number. For most of the base elements (figs. 7(a) to 7(d), and
7(h)), speed-brake deflection causes an increase in base pressure coefficientd
(results in higher base drag) at supersonic Mach numbers below 2 or 2.5. At
higher Mach numbers, deflection of the speed brakes has little effect on base
pressure except for the side fairing (fig. 7(f)), where deflection reduces the
pressure coefficient by about one-half. As would be expected because of its
relative location, the base pressure of the wing trailing edge is unaffected by
speed-brake deflection or engine operation (fig. T7(g)). Thus, this location may
be, after careful calibration, a reliable indirect source of free-stream static
pressure. Further study would be necessary to establish the consistency of the
pressure coefficients from this orifice, however,

Data from figures 7(a) to 7(d), which represent the base pressures obtained
from the movable and stationary portions of the upper vertical fin, are
replotted in figure 8 to reveal possible span-position effects on the X-15 fin.
Reference 2 indicates that the base pressure of thin wings is relatively insen-
sitive to span position at low supersonic speeds. Figure 8 shows that, with the
possible excepticn of the data for M = 1.5, there is no significant or orderly
variation of base pressure ccefficilent with span position at supersonic speeds,
even though the X-15 fuselage terminates within 20 inches of the fin root base.

Comparison of Flight Data With Wind-Tunnel Tests of
Blunt-Trailing-Edge Wings

In the study of reference 10, it was found that the base pressure data of
the upper vertical fin compared well with small-scale blunt-trailing-edge wing
data obtained from the wind-tunnel tests of reference 2. Near the end of the
present study, an additional pressure orifice was added at the wing trailing
edge to permit comparisons between the vertical-fin data and data from a full-
scale blunt-trailing-edge wing. This comparison is shown in figure 9. As can
be seen, the trend of the data is similar, but the values of the fin base pres-
sure coefficients are consistently higher than are those for the wing (each
based on free-stream conditions).

1an increase in base pressure coefficient as used herein refers to an
increase in negative pressure coefficient (in an absolute sense), which results
in increased base drag.



Reference 2 shows that, for a given Mach number, the curve of EY
c

1
h (NRe /5
pressure characteristics of blunt-trailing-edge wings having base thicknesses
from 5 percent to 10 percent of the chord length and boattail angles ranging
from positive to negative. Data presented in the form of these parameters are
shown in figure 10. Experimental results are shown for the X-15 upper vertical
fin and wing bases as well as for the small-scale wing tests of reference 2.

Also included are theoretical values (ref. 4)1 of base pressure ratio for thin
turbulent boundary layers. For Mach numbers of 1.5 to 2.0 where the flow ahead
of the X-15 wing and fin is less subject to the forebody (than at higher Mach
numbers) and where there is little influence on wing base pressure from varied
forebodies (ref. 2), the following observation is made: The wing and fin data
(considered together as establishing a trend) agree with the wind-tunnel results
of reference 2 in approaching the theoretical values for thin boundary layers as

plotted against is satisfactory for correlating turbulent-flow base

% is reduced. At M = 3.1 the flight value for the fin (which has a low value

of %) agrees well with the wind-tunnel results and theory. The wing value of
EE, however, falls significantly below the wind-tunnel data. This disagreement

for the wing data at M = 3.1 may result from expansion waves originating over
the side fairing and subsequently affecting the flow ahead of the wing.

Comparison of Flight Data With Wind-Tunnel Tests
of X-15 Models

The base pressure coefficients from tests on several X-15 wind-tunnel models
are compared in figure 11 with the faired values of the full-scale flight data
of figure 7. The models represented by references 11, 13, and 14 are nearly
exact models of the full-scale airplane, whereas the model of reference 15 is of
an earlier configuration of the X-15 with a different side fairing and vertical-
tail shape.

Figure 11 shows somewhat lower base pressure coefficients for the model
data than for full-scale flight. At M = 3, for example, the base pressure
coefficients, or base drag, are about 15 percent lower for the models than for
the airplane. This disagreement is considered conclusive, inasmuch as the data
were obtained from four separate tests in three different wind tunnels and from

1The theory of reference 4 as used herein is applicable only at the lowest

values of % where the boundary layer is thin relative to the base thickness.

Because Reynolds number for turbulent flow has little influence on base pressure,
c
—————. The
1/5
_ h(NRe)
theory is based on the concepts of interaction between the dissipative shear flow
and the adjacent free stream and on the conservation of mass in the wake.

this theory is likewise applicable only at the lowest values of



six flights. This disagreement did not constitute a performance problem for the
X-15, which has a maximum thrust-weight ratio of about 3.5 and excess energy for
its fixed range of operation. However, such a discrepancy between expected and
actual base pressures would have serious consequences for a long-range
supersonic-cruise aircraft with a lower thrust-to-weight ratio.

Comparison of Flight Data With Theory
and Semiempirical Methods

In figure 12, the average base pressure coefficient measured on the upper
vertical fin during power-off flight is compared with the two-dimensional theory
of Korst for thin boundary layers (ref. 4) and the two-dimensional semiempirical
estimate of Love (ref. 1). As in figure 10, the theory agrees well with the
full-scale fin data. The semiempirical estimate of Love predicts the trend of
pressure coefficient with Mach number but underestimates the absolute value.
These estimates are based on an analogy between the trailing-shock pressure rise
and the peak pressure rise associated with the separation of a turbulent boundary
layer on a flat plate caused by a forward facing step. Equation (6) of refer-
ence 16 was used to define the peak pressure rise for Mach numbers less than L,
and empirical results from reference 17 were used at the higher Mach numbers.

Also shown in figure 12 are the curves for zero base pressure and the

. At Mach numbers between 4 and 5, the flight data

|-

hypersonic approximation -

~®

approach the limiting curve (p, = O), and near M= 6 the value —ﬁ% results

in reasonable agreement with flight.

In figure 13, full-scale-flight base pressure coefficients obtained from
the fuselage are compared with adaptations of semiempirical estimates from
reference 1 for a body of revolution. The cylindrical-body estimates are con-
siderably lower than the full-scale flight values for Mach numbers below 4.

When conditions ahead of the base are chosen that account for the expansion over
the fuselage boattail, the estimated values are much closer to the flight data
for these Mach numbers. An attempt was made to estimate the combined effect of
the boattail and the vertical fin on the fuselage base pressure coefficient. As
can be seen, the result, which is representative of an orifice behind the
expansion waves of the fin base, greatly overestimates the base pressure coeffi-
cients obtained in flight and approaches the limiting condition for a vacuum.
The hypersonic approximation agrees well with the flight data at the higher Mach
numbers.

POWER-ON RESULTS

As was shown in figure 7, for orifices near the rear of the airplane, the
base pressure coefficients obtained from power-off flight are repeatable as a
function of Mach number. When the rocket engine is operating, however, these
base pressure coefficients are no longer a simple function of free-stream Mach
number. The increase in scatter caused by the exhaust jet can be seen by

8



comparing the power-on fuselage flameshield data of figure 14 with the power-off
data of figure 7(e). The expected reduction of the base pressure coefficients
with rocket operation is also readily apparent in figure 14.

A greater degree of order with the power-on data can be achieved by
introducing a variable involving the rocket engine. A commonly used parameter
(refs. 6, 7, and 18) is the ratio of the static pressure at the jet exit plane

p -
to free-stream static pressure E%. The relationship of base pressure coeffi-
cient to this ratio is shown for several Mach numbers in figure 15. At the
lowest Mach number, 1.5, base pressure coefficlent is extremely sensitive to

D
3%. At higher Mach numbers (M = 3, for example), the base pressure coefficient

p .
is much less sensitive; that is, the slope of Cpr with respect to Eg becomes

progressively less as Mach number is increased.

Static pressure at the jet exit station P is, of course, directly

related to rocket-chamber pressure. Similarly, the mass flow of propellant
through the nozzle is related to chamber pressure. Consequently, the ratio of
the weight of propellant flowing per unit of time to that of free-stream air

W
flowing through a given area per unit of time ﬁg should be expected to have a

w

p .

relationship to base pressure similar to that for E%. Figure 16 shows the cal-
culated relationship of these two ratios for several Mach numbers. The slopes
of Cp,b as related to both of the flow parameters are plotted in figure 17 as

a function of free-stream Mach number. Although these data do not explain the
phenomena in the flow field around the base region, they do provide a greater
degree of order for power-on data than was shown in figure 1k.

The effect of rocket operation on the pressures over other base elements
farther from the jet flow should be considered. Of particular interest are
orifices 1 to 4 on the vertical fin (fig. 6), because of their progressively
increasing distances from the Jjet flow. Since the slope of Cp,b with respect

p .
to E% for a given Mach number may be considered a relative measure of jet

influence, that is, a (Jjet) base pressure decay parameter, data from these
orifices are compared to data from the flameshield orifice (5) in figure 18.
Although the influence of the jet might be expected to be related to some
function of the reciprocal of distance from the jet, the slopes shown in

figure 18 are seemingly independent of location for the distances involved, even
though the distances vary from about 1/5 of the Jet radius to 5 jet radii.
Apparently, the "dead air" region that results from separation of the flow
passing by the base is an effective channel for equalizing the pressure through-
out the base.

-
The slope of Cp,b with respect to -E% from the X-15 is compared in

figure 19 with wind-tunnel results (models with base annulus and simulated jet)



from references 19 and 20 and with predicted values from reference 21. As can
be seen, the wind-tunnel results and the predicted values are considerably
higher than the X-15 data at the lowest comparable Mach numbers. At intermed-
iate Mach numbers, between 2.5 and 3.0, the disagreement is significantly
smaller. The data from reference 20 have been adjusted to a nozzle half-angle
of 20° by a coefficient derived from the data of reference 19. The resulting
slopes (triangles) are somewhat lower than the flight values at the highest
Mach numbers, but the trends are similar. The results from references 19 and 20
were for a boattail angle of 0°. The predictions of reference 21 accounted for
boattail angle, but no attempt was made to account for jet exit Mach number.
The data of references 19 to 21 did not include the effects of fins, which may
be g major cause for the disagreement with the X-15 results.

CONCLUSIONS

Comparison of power-off and power-on base pressures measured on the X-15
alrplane with wind-tunnel results, semiempirical estimates, and theory showed
that:

1. Supersonic power-off base pressures along the upper vertical fin were
relatively insensitive to span position and were closely predicted by two-
dimensional theory for thin boundary layers.

2. Flight power-off base pressure coefficients for the fuselage, side
fairing, and vertical fin were higher (higher negative values) than obtained on
X-15 wind-tunnel models throughout a comparable speed range. At a Mach number
of 3, the flight values were about 15 percent higher.

3. For most supersonic speeds, the effect of the exhaust jet on base pres-
sure was about the same along the vertical fin as at the fuselage flameshield;
that is, the effect was about the same 5 jet radii from the jet as it was
1/5 radius from the jet.

Flight Research Center,
National Aeronautics and Space Administration,
Edwards, Calif., May 7, 196k.

10



APPENDTX
TRAILING-SHOCK PRESSURE-RATIO CAICULATIONS

In many reports pertaining to base pressure, the trailing-shock pressure

b
ratioc — is considered an important part of the flow model for treating base

flow problems. Thus, a brief study was made of the trailing-shock pressure

ratio for the X-15 fuselage base during rocket-engine operation, using the method
presented in appendix B of reference 7. A model of the flow field used is shown
in the following sketch:

Slip line

[

Trailing
shock

Rocket
chamber

Centerline of rocket nozzle

The flow of both the internal and external streams was considered to expand to
the measured base pressure immediately upon reaching the base station. The
Prandtl-Meyer turning angle for the jetstream was interpolated from figure 48 of
reference 8 for a specific-heat ratio of 1.23, a commonly used value for a
liquid-oxygen—ammonia propellant combination. The curvature of the internal
stream was then estimated by cross-plotting data from reference 8, and the
external-flow curvature was approximated through interpolation and cross-plotting
the characteristics solutions presented in reference 3.

It was then required, at the point of intersection of the internal and
external streams, that the resulting trailing shocks deflect the streams so that
behind the shock waves their flow was parallel and the static pressure equal.

For the external flow (7 = 1.4), references 22 and 23 were used to obtain conical
and plane shock relationships. For the internal jet flow (y = 1.23), equa-

tion (151) of reference 23 was employed. The approximation obtained from the
several terms in this equation was adjusted by a coefficient consisting of the
ratio of the exact solution with respect to the approximate solution for 7y = 1l.h.
The effects of the boundary-layer and total-temperature profiles were disregarded

11



in these calculations. The trailing shock for the external flow was the result
of calculated upstream Mach numbers as low as 1.7l, so both plane and conical
shock waves were considered. For the internal or Jjet flow, the calculated Mach
numbers ahead of the shock were always above 3.9, thus only the plane shock was
used.

Figure 20 shows the trailing-shock pressure ratios calculated for the X-15
flameshield, based upon the flow model in the preceding sketch, the experimental
values of base pressure obtained from the flameshield orifice, and the coincident
values of jet exit pressure, free-stream Mach number, and ambient pressure.

Included are theoretical values of EK obtained by interpolation of figure 26

of reference 9. The theoretical values are the result of the limiting stream-
line analysis, also used in reference 7, which takes into account mixing along
the boundaries of the .internal and external flow while a constant mass is
maintained within the base "dead air" region. The jet total-temperature effects
have also been included. The interpolated theoretical values from reference 9
represent exhaust-gas properties and mixing-length ratios which do not duplicate
the actual Jet conditions. Adjustments have been made to these values, however,
which provide trailing-shock pressure ratios which are based upon the physical
properties of the actual jet. It is of interest to note that the simplified
flow model used in the calculations of this appendix provides trailing-shock
pressure ratios which agree closely with the theoretical values (accounting for
the boundary-layer and total-temperature profiles) at the lower Mach numbers
where the sensitivity of base pressure to jet flow is greatest. Although a
detailed study including boundary layer and total-temperature-profile effects is
beyond the scope of this paper, some readers may be interested in constructing a
more realistic flow model such as was used in reference 9. An important
contribution to such an effort would be the material of references 24 to 27.

12
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TABLE I.- PHYSICAL CHARACTERISTICS OF THE X-1% ATRPLANE

Wing:
Alrfoil section . . . .
Total area (includes 9& 98 5q ft covered by fuselage)
Span, ft . . . . e e .. .
Mean aerodynamic chord ft
Roct chord, ft

Tip chord, £t « « v & v v v v v v o v v w0
Taper ratio . . . .« . . . o Lo 0 e e e
Aspect ratio . .

Sweep at 25-percent- chord llne, deg .
Incidence, deg

-Dihedral, deg . . . e e e e e e e e e e e e e
Aerodynamlc twist, deg
Flap -
Type . . e e e e e e e e e e e e
Area (each) Y
Span (each), £t . . . . . . . . .00 e e .,

Inboard chord, ft
Outboard chord, ft

Deflection, down (nominal design), deg . . . . .
Ratio flap chord to wing chord

Ratio total flap area to wing area

Ratio flap span to wing semispan

Trailing-edge angle, deg . . . .

Sweepback angle of hinge line, deg e e e e e e

Horizontal tail:
Airfoil section .

Total area (includes 6j 29 sq ft covered by fuselage)

Span, ft .

Mean aerodynamic chord ft e e e e e e
Reot chord, f£t . . . . . . . o o 0.0 ...
Tip chord, ft . . . . « « + + + . .

Taper ratio + « v v v v v v 0 v e e e e e e e e e e

Aspect ratio
Sweep at 25-percent- chord llne, deg
Dihedral, deg . e e e e e e
Ratio horizontal- tall area to wing area . .
Movable surface area, sq £t . . . . + . . .+ . . .
Deflection -
Longitudinal, up, deg
Longitudinal, down, deg . e e e e e
Lateral dlfferentlal (pitot authorlty) deg + . &
Lateral differential (autopilot authorlty) deg
Control system . . . . . « .+ . .

Upper vertical tail:

AlrToil section .« v v v v v v e e e e e e e e e e e

Total area, sq ft
Span, It

Mean aerodynamic chord ft e e e e e e e e e e
Root chord, ft . . « v v v v ¢ v v v 0 0 e e e e
Tip chord, ft

Taper ratioc . . . . . + « « o . 0 . 000 00

Aspect ratio

Sweep at 25-percent- chord llne, deg « « v v v e e v

16

NACA 66005 (modified)
e e e e e 200
. 22,36

10.07

14.01

.08
.20
.50

Y
bys

e e 0
e e e 0]
e e e e 0

NS
NP O N

Plain

8.30
e e e 4,50
2.61

R 1.08
Original Present
.o L0 32
. . 0.22

0.08

0.Lo

e e 5.67
e e e e 0

NACA 66005 (modified)
115.3%
18.08

15
35
£15
+30

Irrever31ble hydraullc boost w1th art1f1c1al feel

. 10° single wedge

. . .. k.o

INGES

e e e 8.9
e e e e e 10.21
e 7.56

. .. 0.7h4

e e e e e 0.51
e e e e e 23,41



TABLE I.- PHYSICAL CHARACTERISTICS OF THE X-15 ATRPLANE - Concluded

A
S

Ratio vertical-tail area to wing area . . . + ¢« + « « ¢ 4 v o+ v e e W
Movable surface area, sq ft . . . . « v v o v v v 0w 0 e e e e e e
Deflection, deg . . . © e 4 e s e e e e e e e e e e e e e e e e e e
Sweepback of hinge 11ne, deg G e e e e e e e e e e e e e e e e e e e e
Control system . . . . . . . . . . . Irreversible hydraulic boost with artificial feel

e

+ N
—~1 ONO
]

O O\

Lower vertical tail:
Airfoil section .« « + v v v v v v v 4 4 v h e e e e e e e e e e e e o . 10° single wedge
Total area, sq Tt « v v v v v v v e e e e e e e e e e e e e e e e e e e e e 3h.41
Span, ft . . . . C e e e s e s e e e e e e e e e e e e e e e e e 3.83
Mean aerodynamic chord ft e e e e e e e e e e e e e e e e e e e e e e e 9.17
Root chord, £t . « ¢ ¢ v v v v 0 e e e e e e e e e e e e e e e e e e e e 10.21
Tip chord, ft . . . . o 0 L 0 v i e e e e e e e e e e e e e e e e e 8
Taper ratio « « « o v v v v v i e e e e e e e e e e e e e e e e e e e e e e 0.78
Aspect ratio . . . . . . e e e e e e e e e e e e e e e e e e 0.43
Sweep at 25-percent-chord llne, deg e e e e e e e e e e e e e e e e e e e 23,41
Ratio vertical-tail area to wing area . .« « « v v v v v v v 4 4 0 0 e e e e e 0.17
Movable surface area, sq fL . « « « v v v v v v 0 v e v e e e e e e e e e e e 19.95
Deflection, deg . . . S e e e e it e e e e e e e s e e e e e e e e e e e £7.50
Sweepback of hinge llne, 6 = 0
Contrel system . . . . . . . . . . . Irreversible hydraulic boost with artificial feel

Fuselage:
Length, Tt . .« & & v v 0 0 v v e e e e e e e e e e e e e e e e e e e e e e e 49,17
Maximum width, £ . . « « v ¢ v v 0 v e e s s e e e e s e e e e e e e e e e e 7.33
Maximum depth, L . « o « v v v v v v v e e e e e e e e e e e e e e e e e L.67
Maximum depth over canopy, Tt « v ¢ v & v v v v v v v e e e e e e e e e e e e k.97
Side area (total), 54 £« v v v ¢ v v e b e e e e e e e e e e e e e e e . 215066
Fineness ratio + v « v v v 0 bt et e e e e e e e e e e e e e e e e e e e e 10.91

17



TABLE IT.- PHYSICAL CHARACTERISTICS OF ROCKET ENGINE AND BASE ELEMENTS

Boattaill angle, deg .

Base areas, sq ft:
Upper vertical fin

Lower (jettisonable) vertical fin . .
Stationary fins, speed-brake regions (both)

Side fairings (both)

Fuselage (power off) . . . .
Fuselage (power on) . . . .
Wing (both) . . . . . . . .

Horizontal tail (both)
Landing gear, retracted (both)

Linear dimensions pertinent to orifices:

Orifice c, in.

93
102

109
116
591
575
109
116

DI FwhoH

Engine, single chamber:
Throat area, sq in.
Jet-exit area, sqg in.
Turbine exhaust area, sq in.
Nozzle half-angle, deg

Fuel

Oxidizer . .

Fuel-oxidizer ratlo, by welght
Ratio of specific heat

Thrust, 1 . . . . . .

18

Chamber pressure, for full throttle

h, in.

17.0
18.6
19.9
21.1
Not applicable
Not applicable
1.06
21.1

. 6.3

. 4.7

. 3.4

6.7

4.8

. . 12.6

. . 8.5

1.1

0.5

0.3
7, in.
19.5
19.5
19.5
19.5
-0.5
28.0
160.0
19.5

e e 58.6

. e 578

e e . 20

e . . 20

600

« « + « Ammonia
. Liquid oxygen
. . 1.25

. 1.23

. Throttleable from 28 500 to 58,500



49,17

Figure 1.- Three-view drawing of the X-15 airplane.

Dimensions in feet.
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FPigure 2.- X-15 airplane.
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Figure 3.- Base region of the X-15 airplane as it existed for the present study.
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Figure 4.- X-15 viewed from the left rear.

E-9908

Lower Jjettisonable fin removed.
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Figure 5.- Rear view of X-15 with interim rocket engine installation.
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Wing

Flameshield

Figure 6.- Schematic drawing of X-15 base showing location of orifices.
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(a) Top of upper movable vertical fin.

Figure 7.- Variation of base pressure coefficient with free-stream Mach number.
Power off except where indicated otherwise.
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Center of upper movable vertical fin.

Figure 7.- Continued.
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Bottom of upper movable vertical fin.

Figure 7.- Continued.
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closed, 0°
O Speed brake
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0 Reference 10
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Upper fixed vertical fin.

Figure 7.- Continued.
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(e)

Fuselage flameshield

Figure 7.- Continued.
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(f) Side fairing.

Figure 7.- Continued.
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(g) Wing trailing edge (base).

Figure 7.- Continued.
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Figure 7.- Concluded.
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Figure 8.- Comparison of the variation of base pressure coefficient with Mach number. Power off.



e

-.4
(]
O
-.3
8 (averaged)
Cp’b -2 i
(]
O
- 00—
(@)
o
° %
0 | 2 3 4 5 6 7

M

Figure 9.- Comparison of the variation of base pressure coefficient with Mach number. Power off.
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Figure 10.- Comparison of flight (power-off) vertical fin and wing base
pressure ratios with wind-tunnel results for wing and theory for thin
boundary layers.
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Figure 11.- Comparison of base pressure coefficients obtained from full-scale flight and X-15 wind-
tunnel models. Power off.



LE

AN
\ \ —————— Flight
— — — Korst, ref. &
\}\ \ —_— - Lo .1
-.3 \ L Ve,ore .1
—_——— P =
- 1
\ T T
AN
C -.2 >
p,b \‘\ \
\\\
- \\\:T\\;::\\\
‘\\\\ N
\\\\\ -
--~~x~==;;;§§§;;:::::::;~__
o)
I 2 3 4q 5 6 7

Figure 12.- Comparison of base pressure coefficient for upper vertical fin with theory for thin
boundary layers and semiempirical estimate. Turbulent flow; power off for full-scale flight
data.
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Figure 13.- Comparison of base pressure coefficient for fuselage flameshield with semiempirical
estimates. Turbulent flow; power off for full-scale flight data.
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pressure.
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Figure 17.- Slope of base pressure coefficient with respect to jet exit flow
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Figure 18.- Slope of base pressure coefficient with respect to ratio of jet
exit to free-stream static pressure as a function of free-stream Mach
number.
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Figure 19.- Comparison of slope of (jet) base bressure coefficient decay
parameter for full-scale flight with wind-tunnel models and a semi-
empirical estimate. XA = 20°,
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